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(54) [Title of the Invention] Nonaqueous Electrolyte Secondary Cell 
(57) [Summary] 

[Object] To provide an inexpensive nonaqueous electrolyte secondary cell for large 
batteries that possesses high discharge voltage and excellent cell characteristics (charge- 
discharge characteristics). 

[Means of Achievement] A nonaqueous electrolyte secondary cell, comprising a positive 
electrode active material in the form of a phosphate compound expressed by the 
compositional formula AyMP0 4 (where A is an alkali metal, M is a transition metal, and 
0 < y < 2, excluding phases in which M contains Fe alone, that is, excluding AyFeP0 4 
(0 < y < 2)); a negative electrode active material in the form of a material capable of 
occluding and releasing alkali metals, alkaline-earth metals, or alkali metal or alkaline- 
earth metal ions; and an electrolytic substance in the form of a substance capable of 
allowing the alkali metal ions to migrate in order to be able to react electrochemically 
with the positive or negative electrode active material. 

[Claims] 

[Claim 1] A nonaqueous electrolyte secondary cell, characterized by comprising a 
positive electrode active material in the form of a phosphate compound expressed by the 
compositional formula AyMP0 4 (where A is an alkali metal, M is a transition metal, and 
0 < y < 2, excluding phases in which M contains Fe alone, that is, excluding AyFeP0 4 
(0 < y < 2)); a negative electrode active material in the form of a material capable of 
occluding and releasing alkali metals, alkaline-earth metals, or alkali metal or alkaline- 
earth metal ions; and an electrolytic substance in the form of a substance capable of 
allowing the alkali metal ions to migrate in order to be able to react electrochemically 
with the positive or negative electrode active material. 

[Claim 2] A nonaqueous electrolyte secondary cell, characterized in that the phosphate 
compound AyMP0 4 containing alkali metal A is a material in which M is at least one 
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transition metal selected from Co, Ni, Fe, Mn, Cu, Mg, Zn, Ca, Cd, Sr, Ba, and the like 
(excluding phases in which M contains Fe alone, that is, excluding AyFeP0 4 (0 < y < 2)). 

[Claim 3] A nonaqueous electrolyte secondary cell as defined in Claim 1, characterized 
in that the phosphate compound AyMP0 4 containing alkali metal A has an olivine 
structure with a densely packed hexahedral oxygen backbone. 

[Detailed Description of the Invention] 
[0001] 

[Technological Field of the Invention] The present invention relates to a nonaqueous 
electrolyte secondary cell, more particularly to a chargeable and dischargeable 
nonaqueous electrolyte secondary cell, and even more particularly to an improved 
positive electrode active material. The invention seeks to increase the charge-discharge 
capacity of a cell. 

[0002] 

[Prior Art] Nonaqueous electrolyte secondary cells whose negative electrode active 
materials are alkali metals (lithium and the like) or alloys or compounds thereof are 
provided both with considerable discharge capacity and with adequate charge reversibility 
by means of reactions in which the metal ions of the negative electrode are inserted or 
intercalated into the positive electrode active material. In conventional practice, V 2 0 5 
and other layered or tunnel oxides capable of acting as intercalation hosts for lithium are 
fairly well known as the components of secondary cells in which lithium is used as a 
negative electrode active material. However, only a few such oxides (LiCo0 2 , LiNi0 2 , 
LiMn 2 0 4 , and the like) are known, for example, as positive electrode active materials 
capable of undergoing reversible discharge at high voltages (4 V and greater) relative to 
lithium negative electrodes, but the central metals of most of these oxides are rare metals 1 
with extremely low Clarke numbers, which makes these oxides difficult to synthesize and 
results in inadequate thermal stability and charge-discharge cycle reversibility. 



1 Translator's note: Literally, "rare methyl," which appears to be a typographical error. 
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[0003] 

[Problems Which the Invention Is Intended to Solve] An object of the present invention, 
which was devised in order to address the above-described problems of the prior art, is to 
provide an inexpensive nonaqueous electrolyte secondary cell for large batteries that 
possesses high discharge voltage and excellent cell characteristics (charge-discharge 
characteristics). 

[0004] 

[Means Used to Solve the Above-Mentioned Problems] In general terms, the present 
invention relates to a nonaqueous electrolyte secondary cell and is characterized by 
comprising a positive electrode active material in the form of a phosphate compound 
expressed by the compositional formula AyMP0 4 (where A is an alkali metal, M is a 
transition metal, and 0 < y < 2, excluding phases in which M contains Fe alone, that is, 
excluding AyFeP0 4 (0 < y < 2)); a negative electrode active material in the form of a 
material capable of occluding and releasing alkali metals, alkaline-earth metals, or alkali 
metal or alkaline-earth metal ions; and an electrolytic substance in the form of a 
substance capable of allowing the alkali metal ions to migrate in order to be able to react 
electrochemically with the positive or negative electrode active material. 

[0005] 

[Embodiments of the Invention] The present invention will now be described in detail. 
The inventive positive electrode active material, expressed as AyMP0 4 (0 < y < 2), has an 
olivine structure in which phosphorus occupies tetrahedral sites, and alkali metal A 
occupies octahedral sites together with the central metal (M). An olivine compound 
commonly has the compositional formula ABC0 4 . The difference between an olivine 
structure and a conventional spinel structure typified by LiMn 2 C>4 is that the oxygen ion is 
densely packed either as a hexahedron or octahedron. Thus, the positive electrode active 
material of the present invention is a transition metal phosphate compound expressed in 
site notation as {P} • [AyM]0 4 (where the symbol in braces indicates a tetrahedral site, 
and the expression in brackets indicates an octahedral site). Examples of metal 
element M include Co, Ni, Fe, Mn, Cu, Mg, Zn, Ca, Cd, Sr, and Ba. Different M's have 



4 



slightly different discharge voltages but the same basic characteristics as positive 
electrode active materials. When the central metal of the olivine phase AyMP0 4 
(0 < y < 2) has a stable divalent oxidation state (M 2+ ), as is the case with Co, Ni, or the 
like, synthesis can be easily carried out by a method in which a lithium compound and a 
phosphate compound (phosphorus pentoxide or the like) are admixed into a transition 
metal compound, and the resulting mixture is baked in the atmosphere and quenched. 
When, however, the central metal has a stable trivalent oxidation state (M 3+ ), as is the 
case with iron or the like, it is necessary to bake the material in a reducing atmosphere 
formed by a nitrogen .gas stream and to conduct reactions while preventing the material 
from oxidizing to a trivalent state. A positive electrode can be formed using such a 
positive electrode active material by a method in which a mixture of the compound in 
pulverulent form and a powdered binder such as polytetrafluoroethylene is molded over a 
stainless steel support or the like under pressure; a method in which an electroconductive 
powder such as acetylene black is admixed in order to endow the pulverulent mixture 
with electrical conductivity, a powdered binder such as polytetrafluoroethylene is 
optionally added, and the resulting mixture is introduced into a metal container; a method 
in which the aforementioned mixture is molded over a stainless steel support or the like 
under pressure; a method in which the aforementioned mixture is dispersed in an organic 
solvent or other solvent, and the resulting slurry is applied to a metal substrate; or the 
like. The negative electrode active material (lithium) is fashioned into a sheet and 
crimped onto a mesh composed of nickel, stainless steel, or another conductor to obtain a 
negative electrode in the same manner as in the case of conventional lithium cells. In 
addition to lithium, the following materials can also be used for the negative electrode 
active material: lithium alloys, lithium compounds, and conventional materials capable of 
occluding and releasing sodium, potassium, magnesium, and other alkali metals, alkaline- 
earth metals, or alkali metal or alkaline-earth metal ions, such as carbon materials and 
alloys of the aforementioned metals. Examples of electrolytes include solid electrolytes 
and nonaqueous electrolytes obtained by dissolving Lewis acids containing alkali metal 
ions in dimethoxyethane, 2-methyltetrahydrofuran, ethylene carbonate, methyl formate, 
dimethyl sulfoxide, propylene carbonate, acetonitrile, butyrolactone, dimethylformamide, 
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dimethyl carbonate, diethyl carbonate, sulfolane, ethyl methyl carbonate, and the like. 
Various conventional materials can also be used without any special restrictions as 
elements of separators, cell casings, and other structural materials. 

[0006] 

[Working Examples] The present invention will now be described in further detail 
through working examples, but the present invention is not limited thereby in any way. 
The cells used in the working examples were fabricated and measured in a dry box with 
an argon atmosphere. 

[0007] Working Example 1 

Fig. 1 is a cross-sectional view of a coin-shaped cell representing a specific 
example of the inventive cell. In the drawing, 1 is a sealing plate, 2 a gasket, 3 a positive 
electrode casing, 4 a negative electrode, 5 a separator, and 6 a pelletized positive 
electrode mix. A positive electrode active material was obtained by a method in which 
lithium carbonate, tricobalt tetroxide, and phosphorus pentoxide were weighed out, 
mixed, baked in the atmosphere for 15 hours at 780°C, and quenched, yielding LiCoP0 4 
according to the reaction formula (Chemical Formula 1) shown below. 

[0008] 

[Chemical Formula 1] Reaction Formula: 3Li 2 C0 3 + 2Co 3 0 4 + 3P 2 0 5 -> 6LiCoP0 4 + 
3C0 2 + 0 2 

[0009] Fig. 2 depicts an X-ray diffraction pattern of the resulting powder sample. The 
presence of a monoclinic olivine structure (JCPDS No. 32-552) can indeed be confirmed 
based on this X-ray diffraction pattern. In Fig. 2, the vertical axis indicates X-ray 
diffraction intensity (arbitrary units), and the horizontal axis indicates 20 (°). Th is sample 
is designated as "a." Sample (a) was pulverized, the resulting powder was mixed with a 
conducting agent (acetylene black) and a binder (polytetrafluoroethylene), and the 
mixture was molded with rolls, yielding a pelletized positive electrode mix 6 (thickness: 
0.5 mm, diameter: 15 mm). An assembly (obtained by a method in which a negative 
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electrode 4 composed of lithium metal was pressed against a sealing plate 1 composed of 
stainless steel) was subsequently inserted into a recess formed by a polypropylene 
gasket 2, a porous separator 5 (polypropylene) and the pelletized positive electrode mix 6 
were placed on the negative electrode 4 in the order indicated, a IN solution obtained by 
dissolving LiPF6 in a pure propylene carbonate solvent was added in an appropriate 
amount as an electrolyte to impregnate the assembly, and the components were sealed in a 
positive electrode casing 3, yielding a coin-shaped lithium cell with a thickness of 2 mm 
and a diameter of 23 mm. 

[0010] Working Example 2 

A positive electrode active material was obtained by a method in which lithium 
carbonate, tricobalt tetroxide, iron oxalate dihydrate, and diammonium phosphate were 
weighed out, mixed, baked in a nitrogen stream for 15 hours at 780°C, and quenched, 
yielding LiCoo.75Fe 0 .2 5 P0 4 according to the reaction formula (Chemical Formula 2) 
shown below. 

[0011] 

[Chemical Formula 2] Reaction Formula: 2Li 2 C0 3 + C0 3 0 4 + FeC 2 0 4 2H 2 0 + 
4(NH 4 ) 2 HP0 4 -> 4LiCo 0 .75Feo. 25 P0 4 + 4C0 2 + 8H 2 0 + 8NH 3 

[0012] As with LiCoP0 4 or LiFeP0 4 , the presence of a monoclinic olivine structure 
could indeed be confirmed based on the X-ray diffraction pattern of the resulting powder 
sample. The sample was designated as "b." 

[0013] Working Example 3 

A positive electrode active material was obtained by a method in which lithium 
carbonate, tricobalt tetroxide, iron oxalate dihydrate, and diammonium phosphate were 
weighed out, mixed, and baked in a nitrogen stream for 15 hours at 780°C, yielding 
LiCoo.5Feo.5PCM according to the reaction formula (Chemical Formula 3) shown below. 
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[0014] 

[Chemical Formula 3] Reaction Formula: 3Li 2 C0 3 + CO3O4 + 3FeC 2 0 4 2H 2 0 + 
6(NH 4 ) 2 HP0 4 -+ 6LiCoo.5Feo.5PO4 + 9C0 2 + 13H 2 0 + 12NH 3 + 2H 2 

[0015] As with LiCoP0 4 or LiFeP0 4 , the presence of a monoclinic olivine structure 
could indeed be confirmed based on the X-ray diffraction pattern of the resulting powder 
sample. The sample was designated as "c." 

[0016] Working Example 4 

A positive electrode active material was obtained by a method in which lithium 
carbonate, tricobalt tetroxide, iron oxalate dihydrate, and diammonjum phosphate were 
weighed out, mixed, and baked in a nitrogen stream for 15 hours at 780°C, yielding 
LiCoo. 25 Feo.75P0 4 according to the reaction formula (Chemical Formula 4) shown below. 



[0017] 

[Chemical Formula 4] Reaction Formula: 6Li 2 C0 3 + C0 3 0 4 + 9FeC 2 0 4 2H 2 0 + 
12(NH 4 ) 2 HP0 4 -> 12LiCoo. 25 Feo.75P0 4 + 24C0 2 + 28H 2 0 + 80 2 + 24NH 3 + 2H 2 0 

[001 8] Fig. 3 depicts an X-ray diffraction pattern of the resulting powder sample. The 
presence of a monoclinic olivine structure can indeed be confirmed on the basis of this 
X-ray diffraction pattern in the same manner as with LiCoP0 4 or LiFeP0 4 (JCPDS 
No. 40-1499, Triphylite). The vertical and horizontal axes in Fig. 3 are the same as in 
Fig. 2. The sample was designated as "d." A coin-shaped lithium cell was fabricated in 
the same manner as in Working Example 1 except that LiCoo. 25 Feo.75P0 4 obtained as 
described above was used to prepare a positive electrode active material. 

[0019] Table 1 shows the termination discharge capacities obtained at 1-V increments 
after the cells had been initially charged to a final voltage of 5.3 V at a current density of 
0.25 mA/cm 2 . Samples (a), (b), (c), and (d), which were obtained as described above 
with reference to Working Examples 1, 2, 3, and 4, respectively, were used as the positive 
electrode active materials of the cells. 
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[0020] 
[Table 1] 

Table 1 



Compositional 
formula 


4-V termination 
capacity 


3-V tennination 
capacity 


2-V termination 
capacity 


1-V termination 
capacity 


LiCoPCU 


4 mAh 


4.5 mAh 


5.1 mAh 


15.4 mAh 


LiCo 0 /75Fe 0 .25PO4 


3mAh 


4.6 mAh 


5.8 mAh 


15.3 mAh 


LiCoo.5Feo.5PO4 


2 mAh 


4.7 mAh 


6.4 mAh 


15.1 mAh 


LiCo 0 .25Fe 0 .75PO4 


1 mAh 


4.8 mAh 


6.6 mAh 


14.9 mAh 



[0021] The example shown in Fig. 4 illustrates a curve obtained when sample (a) was 
initially charged to 5.3 V and then discharged at a current density of 0.25 mA/cm 2 . 
Specifically, Fig. 4 is a characteristic diagram depicting a curve obtained when LiCoP0 4 , 
prepared according to a working example of the present invention, was initially charged 
to 5.3 V and then discharged for the first time. In Fig. 4, the vertical axis indicates cell 
voltage (V); the horizontal axis, discharge time (hr). The example shown in Fig. 5 
illustrates the cycle reversibility of the present invention by means of a charge-discharge 
curve obtained when sample (a) was tested by being cyclically charged and discharged 
within a defined voltage range of 5.3-4.0 V at a current density of 0.25 mA/cm 2 . In other 
words, Fig. 5 is a characteristic diagram depicting a charge-discharge curve obtained 
when LiCoP 4 , which pertains to a working example of the present invention, was tested 
within the defined voltage range of 5.3-4.0 V. In Fig. 5, the vertical axis indicates cell 
voltage (V); the horizontal axis, discharge time (hr). It can be seen in Table 1 and Fig. 4 
that the discharge voltage of the inventive positive electrode, which is obtained using an 
olivine-type phosphate compound, increases with increased cobalt content, that the 
voltage of the flat discharge voltage portion exceeds 4.5 V, and that increased iron 
content causes the 4-V range to decrease and a 3-V flat discharge voltage portion to 
appear instead, allowing discharge voltage to be selected with ease by varying this 
content. Fig. 5 also shows that the cells have good cyclicity in the high-voltage portion. 
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[0022] 

[Merits of the Invention] As described above, one of the merits of the present invention 
is that a highly practical nonaqueous electrolyte secondary cell having a variable 
discharge voltage can be constructed and that this cell can be used in a variety of fields. 

[Brief Description of the Figures] 

[Figure 1] A cross-sectional view depicting the structure of a coin-shaped cell 
representing a working example of the inventive cell. 

[Figure 2] A diagram depicting an X-ray diffraction pattern of LiCoP0 4 , which 
represents a working example of the present invention. 

[Figure 3] A diagram depicting an X-ray diffraction pattern of LiCoo^sFeojsPCU, which 
represents another working example of the present invention. 

[Figure 4] A characteristic diagram depicting a curve obtained when LiCoP0 4 , which 
represents a working example of the present invention, was initially charged to 5.3 V and 
then discharged for the first time. 

[Figure 5] A characteristic diagram depicting a charge discharge curve obtained when 
LiCoP0 4 , which represents a working example of the present invention, was tested within 
a defined voltage range of 5.3-4.0 V. 

[Key] 

1: sealing plate, 2: gasket, 3: positive electrode casing, 4: negative electrode, 
5: separator, 6: pelletized positive electrode mix 
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[Figure 1] 
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[Key to figure: 1: sealing plate, 2: gasket, 3: positive electrode casing, 4: negative 
electrode, 5: separator, 6: pelletized positive electrode mix] 
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[Key to figure: X-ray diffraction intensity (arbitrary units)] 
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[Figure 3] 
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[Key to figure: 1: X-ray diffraction intensity (arbitrary units), 2: LiFeP0 4 (Triphylite)] 



[Figure 4) 
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[Key to figure: 1: charge, 2: pause, 3: discharge, 4: cell voltage (V), 5: discharge time 
(hr)] 
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[Figure 5] 
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[Key to figure: 1: pause, 2: discharge, 3: charge, 4: cell voltage (V), 5: discharge time 
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